Solar ultraviolet-B (UV-B) irradiance that reaches the Earth's surface acts as a biotic stressor 27 and has the potential to modify ecological and environmental functioning. The challenges of 28 reconstructing UV irradiance prior to the satellite era mean that there is uncertainty over long-29 term surface UV-B patterns, especially in relation to variations in solar activity over 30 centennial and millennial timescales. Here, we reconstruct surface UV-B irradiance over the 31 last 650 years using a novel UV-B proxy based on the chemical signature of pollen grains. 32 We demonstrate a statistically significant positive relationship between the abundance of UV-33 B absorbing compounds in Pinus pollen and modelled solar UV-B irradiance. These results 34 show that trends in surface UV-B follow the overall solar activity pattern over centennial 35 timescales, and that variations in solar output are the dominant control on surface level UV-B 36 flux, rather than solar modulated changes in ozone thickness. The Pinus biochemical response 37 demonstrated here confirms the potential for solar activity driven surface UV-B variations to 38 impact upon terrestrial biotas and environments over long timescales. 39 40
Introduction 43 The role of solar activity in influencing the Earth system has received an increase in 44 attention over recent years (Ermolli et al., 2013; Gray et al., 2010; Solanki et al., 2013) . 45 Predominantly, the focus has been on total solar irradiance (TSI, defined as the amount of 46 solar energy reaching the upper atmosphere) and its contributions to climatic changes versus 47 anthropogenic inputs (Solanki et al., 2013) . In addition to TSI, which affects temperature and 48 atmospheric circulation patterns through 'bottom up' warming of the Earth's surface, there is 49 a growing awareness of the importance of ultraviolet (UV) irradiance as a climate forcing 50 mechanism (Gray et al., 2010; Ineson et al., 2015) . UV irradiance stimulates production and 51 Page 3 destruction of ozone via absorption driven processes (the Chapman cycle), resulting in a 52 warming of the stratosphere and exerting a 'top down' influence on regional climatic and 53 oceanic patterns through dynamical coupling with the underlying troposphere (Ermolli et al., 54 2013; Gray et al., 2010; Ineson et al., 2015; Solanki et al., 2013) . 55 56 Solar UV-B (280-315 nm) radiation that reaches the Earth's surface (referred to 57 hereafter as surface UV-B) is an important stressor on biotic systems, and has the potential to 58 drive larger-scale ecosystem-level processes (Rozema et al., 1997) . As well as directly 59 damaging DNA, enhanced UV-B levels can lead to morphological and phenological changes 60 in plants and possibly alter competitive relationships among species (Caldwell et al., 1998; 61 Rozema et al., 1997) . UV-B stimulates production of secondary metabolites that in part act as 62 UV protective compounds, which are both a metabolic cost to the plant and can influence 63 herbivory levels, plant decomposition and carbon cycling (Meijkamp et al., 1999; Rozema et 64 al., 1997) . Increased surface UV-B can also directly enhance leaf litter decomposition through 65 photodegradation, and impact upon the activities of organisms such as animals, fungi and 66 bacteria that play a role in decomposition and nutrient cycling (Gehrke et al., 1995; Rozema 67 et al., 1997) . While much attention has been focused on multidecadal increases in surface 68 UV-B flux due to anthropogenic reductions in ozone thickness (Caldwell et al., 1998 cladocera (water flea) carapaces in arctic and subarctic lakes (Nevalainen et al., 2015 (Nevalainen et al., , 2016 2018) demonstrated a positive correlation between surface UV-B and solar activity over the 105 last millennium, which is the opposite pattern to that predicted by Rozema et al. (2002) . 106 However, UV-B proxies based on aquatic organisms such as cladocerans are influenced by 107 water transparency as well as ambient UV-B, and so relate at least in part to local climatic and 108 vegetation conditions and anthropogenic land use changes (Nevalainen et al., 2015 (Nevalainen et al., , 2018 . 109 Although these impacts should have been limited in the arctic lake records used by To address these uncertainties, we take advantage of a novel proxy for surface UV-B 115 irradiance based on the chemistry of pollen grains (Fraser et al., 2014; Rozema et al., 2001; 116 Seddon et al., 2019) . Plants produce UV absorbing compounds (UACs) to protect their cells 117 from the harmful effects of UV-B, and up-regulate production in response to increased UV-B 118 doses (Fraser et al., 2014; Gao et al., 2004; Lomax et al., 2008; Rozema et al., 2001; Singh et 119 al., 2014) . Pollen grains and spores preserve well in the fossil record because their outer wall, 120 or exine, is made of sporopollenin, a highly resistant biopolymer (Mackenzie et al., 2015) . (Dean et al., 2013 (Dean et al., , 2015 England et al., 2008; Jones et al., 2005 Jones et al., , 2006 . 166 167 The sediment core used in this study was collected in 2001, and the pollen samples 168 were initially documented in England et al. (2008) . The age model for this core was based on 169 varve counting, which was carried out independently by two workers, who recounted until 170 agreement to within 3 laminae for each 6 cm section of core was reached (Jones et al., 2005) . 171 Replication of varve counts from additional cores has provided a maximum age uncertainty of 172 2.5% of the given age (Jones et al., 2006) . The pollen samples were collected at ~20 year 173 inter-sample resolution, with most samples representing 3 (sometimes 4 or 5) years of 174 sediment accumulation. The whole sequence covers 640 years and ~160 cm of sediment core. 175 The samples were processed according to standard palynological protocols, using 10% HCl, 176 10% NaOH, 60% HF, and acetolysis (England et al., 2008) . We used the same pollen 177 preparations in this study to maintain stratigraphic consistency with the pollen count data, and Pinus pollen record during the study interval. 197 198 We used Fourier Transform Infrared (FTIR) microspectroscopy to generate the Page 9 pneumatic microinjector, with a Microtec IM-2 inverted microscope. The picked pollen grains 207 were arranged in groups of 4 to 5 grains on the ZnSe windows, with 5 replicate groups per 208 sample. This means that each FTIR spectrum represents 4 or 5 pollen grains, and each pollen 209 sample is represented by 5 replicate FTIR spectra. We generated the data using a Thermo Figure 1) . We quantified UAC concentrations by measuring the height of the 1510 cm -1 221 aromatic (C=C) peak (Fig. 1) , because this peak records changes in the abundance of the 222 phenolic compounds para-coumaric acid and ferulic acid that act as UACs in sporopollenin 223 (Fraser et al., 2014; Watson et al., 2007) . Absorbance values in IR spectra relate to the 224 thickness of material being analysed, so following previous research (Fraser et al., 2011; 225 Jardine et al., 2015 225 Jardine et al., , 2016 225 Jardine et al., , 2017 Lomax et al., 2008 Lomax et al., , 2012 the 1510 cm -1 aromatic peak 226 height was normalized against the hydroxyl (OH) band centred on 3300 cm -1 (Figure 1) . 227 Although the aromatic/OH ratio has not yet been calibrated to UAC concentrations or UV 228 levels, it does provide a successful proxy whereby higher aromatic/OH ratio values equate to 229 higher UV-B flux (Fraser et al., 2011; Jardine et al., 2016 Jardine et al., , 2017 Lomax et al., 2008 Lomax et al., , 2012 . Third, any errors in the sediment core chronology will add noise to the correlations. 317 Although dating precision in the Nar Gölü record is thought to be better than the maximum (Rozema et al., 2001 (Rozema et al., , 2002 (Rozema et al., , 2009 Seddon et al., 2019) . Developing an action spectrum Page 15 (Herman, 2010; Rozema et al., 2001; Seddon et al., 2019) for UAC production will also be 363 important for quantifying how UAC concentrations vary with changes in ozone levels. 364 Together, these measures will help towards understanding how variations in solar UV 365 irradiance impact on Earth's climate and biota through time, both in the past and in the future. 
